1. The effect of insulin upon glucose transport and metabolism in soleus muscles of genetically obese (*fa/fa) and heterozygote lean Zucker rats was investigated at 5-6 weeks and 10-11 weeks of age. Weight-standardized strips of soleus muscles were used rather than the intact muscle in order to circumvent problems of diffusion of substrates. 2. In younger obese rats (5-6 weeks), plasma concentrations of immunoreactive insulin were twice those of controls, whereas their circulating triacylglycerol concentrations were normal. Insulin effects upon 2-deoxyglucose uptake and glucose metabolism by soleus muscles of these rats were characterized by both a decreased sensitivity and a decrease in the maximal response of this tissue to the hormone. 3. In older obese rats (10-11 weeks), circulating concentrations of insulin and triacylglycerols were both abnormally elevated. A decrease of 25-35% in insulin-binding capacity to muscles of obese rats was observed. The soleus muscles from the older obese animals also displayed decreased sensitivity and maximal response to insulin. However, at a low insulin concentration (0.1 m-i.u./ml), 2-deoxyglucose uptake by muscles of older obese rats was stimulated, but such a concentration was ineffective in stimulating glucose incorporation into glycogen, and glucose metabolism by glycolysis. 4. Endogenous lipid utilization by muscle was calculated from the measurements of 02 consumption, and glucose oxidation to CO2. The rate of utilization of fatty acids was normal in muscles of younger obese animals, but increased in those of the older obese rats. Increased basal concentrations of citrate, glucose 6-phosphate and glycogen were found in muscles of older obese rats and may reflect intracellular inhibition of glucose metabolism as a result of increased lipid utilization. 5. Thus several abnormalities are responsible for insulin resistance of muscles from obese Zucker rats among which we have observed decreased insulin binding, decreased glucose transport and increased utilization of endogenous fatty acid which could inhibit glucose utilization.
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Hyperinsulinaemia and insulin resistance are common features in most types of human and animal obesities (Assimacopoulos-Jeannet & Jeanrenaud, 1976) . In obese hyperinsulinaemic animals, the decreased ability of liver (Soll & Kahn, 1975; Le Marchand-Brustel et al., 1978) , adipose tissue (Olefsky, 1976; Kobayashi & Olefsky, 1978) and muscle (Forgue & Freychet, 1975; Olefsky et al., 1976; Le Marchand-Brustel et al., 1978) to bind insulin was proposed as the major factor in bringing about insulin resistance. Subsequent results have cast doubts on the paramount importance of this defect and suggest the existence of additional defects distal to the insulin-receptor interaction (Assimacopoulos-Jeannet . For example, in adipose tissue of obese animals, the observed decreased fatty acid synthesis and pentose phosphate shunt activity found associated with the state of insulin resistance have been attributed to unknown intracellular alterations (Olefsky, 1977; . In muscle, which, in vivo, accounts for a much greater proportion of glucose utilization than does adipose tissue (Cahill, 1971) , defects other than the decreased number of insulin-receptor sites have also been suggested Czech et al., 1978; Le Marchand-Brustel et al., 1978; Kemmer et al., 1979) . However, the only substantiated one has been the presence of a decreased glucose transport in soleus muscles of genetically obese mice (Cuendet et al., 1976) . No further investigations on possible intracellular abnormalities have been undertaken.
The aims of the present study were therefore to study changes in insulin binding, glucose transport and intracellular metabolism in soleus muscle of genetically obese hyperinsulinaemic Zucker (fa//fa) rats, and, in particular, to determine whether a fodification of lipid metabolism might contribute to the impaired glucose metabolism. An attempt has been made to evaluate qualitatively the relative contribution of the observed defects in the establishment and evolution of muscle insulin resistance. As intact soleus muscles of adult rats present critical problems of substrate diffusion (Chaudry & Gould, 1969) , a new soleus preparation has been developed to overcome this difficulty. and permit comparison between muscles of young and older animals.
Preliminary reports of this work have been presented .
Materials and Methods

Animals
Normal female albino rats derived from a Wistar strain and bred in these laboratories were used. They weighed between 65 and 75g when intact soleus muscle was used, and between 150 and 250g when strips (see below) of these muscles were studied. Genetically obese (fa/fa) female rats and their lean littermate controls (FA/?) were purchased from the Centre de Selection et d'Elevage d'Animaux de Laboratoire (CNRS, Orleans, France). All animals had free access to a standard laboratory chow and were maintained in a constant-temperature (23°C) animal quarter with a fixed (12 h) artificial light cycle.
Incubations ofintact, or strips of, soleus muscles Rats were killed by cervical dislocation. When intact soleus muscles were incubated, a technique previously described for the mouse muscle was used without major modifications (Cuendet et al., 1976) . In other experiments, in order to circumvent the problem of diffusion of substrates, small strips of soleus muscles were incubated. Hindlimbs were fixed and dissected out to expose the soleus muscles. By using a curved needle, a thread was placed around the outer third of the proximal tendon and ligated. The tendon was cut above the knot and, by pulling the thread gently towards the distal tendon, a strip of muscle (25-35 mg) was isolated and separated from the overall muscle mass. A second thread was placed around the outer third of the distal tendon that was ligated and cut beyond the knot. Another strip of soleus muscle was prepared from the opposite side of the same muscle, then from the other leg, so that four strips of soleus muscles were obtained from each animal within 7-8min. Strips of the soleus muscle were weighed on a torsion balance. With practice, strips of soleus muscles weighing between 25 and 35mg could regularly be obtained, larger muscles being discarded. Once prepared, strips of soleus muscles were removed from the iso-osmotic 0.9% NaCl solution where they had been stored at room temperature and were blotted and lightly stretched on a stainless-steel holder as described by Cuendet et al. (1976) . Incubations were carried out in a shaking incubator at 370C, in 25 ml Erlenmeyer flasks containing 4 ml of bicarbonate-buffered medium (Krebs & Henseleit, 1932 ) with 1.5% defatted bovine serum albumin (Chen, 1967) . Each flask was gassed with 02/C02 (19: 1) for 5min, and then sealed with rubber stoppers. Actual incubations were preceded by one or two 15min preincubations, at the end of which flasks and medium were changed and the preparations gassed as mentioned above. The addition of substrate and insulin is specified in the various Tables or Figures. When the effects of insulin were tested, the hormone was added during both the final preincubation and incubation periods.
Biochemical measurements
Results have been expressed per mg of muscle wet wt. The rate of incorporation of glucose into glycogen was measured by 3H incorporation from D-45-3Hlglucose into glycogen, and the rate of glycolysis determined as the production of 3H20 from D-[5-3Hlglucose (Cuendet et al., 1976) . Glucose transport and phosphorylation were measured with 2-deoxy-D-[1-'4C]glucose (0.1-0.2,uCi/ml) (Kipnis & Cori, 1960) in the presence of [6,6' (n) 
(1-2,uCi/ml) as extracellular marker and 1 mM-pyruvate as energy source. Oxidation of [U-14C]glucose (l,uCi/ml) was measured by collecting "4CO2 and counting it for radioactivity as previously described by Cuendet et al. (1976) . The yield with this method (about 85%) was determined by the recovery of NaH"4CO3 (25 nCi/ml) added to 4 ml of incubation medium.
At the end of the incubations, muscles were frozen, kept in liquid N2, and homogenized (glass homogenizer) in 6% (w/v) HCl04 and centrifuged (2000g; 10min) on the same day of the experiment. Supernatants were neutralized with K2CO3 and stored at -200C for subsequent measurements. Creatine phosphate and ATP were determined fluorimetrically in the same samples by using hexokinase and glucose 6-phosphate dehydrogenase (Lamprecht et al., 1974) . ADP and AMP (Jaworek et al., 1974) , citrate (Passonneau & Brown, 1974) and glucose 6-phosphate (Lang & Gerhard, 1974) were determined fluorimetrically. Intracellular potassium content was measured as follows. Muscles were incubated in a medium containing [U-14Clsucrose (1,uCi/ml) as extracellular marker. At the end of the incubation, muscles were rapidly blotted and homo-genized (1 ml of double-distilled water). After centrifugation (2500g for 15 min), supernatants (0.1 ml) were used for the measurement of potassium by flame photometry, or counted for radioactivity in a liquid-scintillation spectrometer (model no. 3880; Packard Instruments, Downers Grove, IL, U.S.A.). Intracellular potassium was determined by subtracting the extracellular potassium content from total potassium content in the homogenate. Lactate dehydrogenase was measured in the incubation medium and muscle homogenized in 100mM-K2HPO4/NaH2PO4 buffer (pH 7.5) containing 5 mM-EDTA (Bergmeyer & Bernt, 1974a) .
Muscle proteins were determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard. Muscle glycogen content was assayed as described by Chan & Exton (1976) . Muscle triacylglycerol content (10-20mg of tissue) was measured as described by Le Marchand et al. (1973) .
consumption ofisolated muscles
Measurements of 02 consumption were made in an 8 ml air-tight chamber thermostatically controlled at 370C. Two strips of soleus muscle were stretched on a glass holder, placed in the chamber and preincubated for 20-30min with recirculating medium (50ml, pumped at 30ml/min). The medium was continuously gassed with 02/C02 (19:1). 02 disappearance from the medium was recorded at time intervals. In order to carry out this measurement, the circulation of the medium was stopped, and the 02 present in the medium of the isolated chamber was measured for 4-5 min under continuous stirring (magnet stirrer) by using a specific oxygen electrode. The 02 disappearance from the medium without muscle was recorded before (or after) each experiment and never exceeded 10% of muscle 02 consumption. The oxygen electrode was previously standardized with gas mixtures containing different proportions of 02 (30, 60 and 95%).
Binding ofinsulin to isolated muscles
Porcine monocomponent insulin was iodinated and purified as previously described by Maldonato et al. (1976) . After a 30min preincubation without hormone at 24°C in a bicarbonate-buffered medium (Krebs & Henseleit, 1932 ) containing 2mM-pyruvate, 1.5% defatted bovine albumin and 1 mg of bacitracin/ml, 125I-labelled insulin (180-200 mCi/ mg) was added to a final concentration of 0.05-0.10nm with various concentrations of unlabelled insulin. Non-specific binding was measured in the presence of 8500nM-unlabelled insulin. At the end of the incubation, muscles were washed three times (15min per wash) with 10ml of 0.9% NaCl (40C) containing 2.5 mg of human serum albumin/ml.
Muscles were then counted for their radioactive content in a gamma spectrometer. 1251-labelledinsulin degradation was determined by trichloroacetic acid precipitation and binding to anti-insulin serum. Precipitation with trichloroacetic acid (0.5 ml; 12%, w/v) was carried out with 0.1 ml of incubated (without muscle) or non-incubated (control) medium. After centrifugation, pellets were washed with trichloroacetic acid (1 ml; 6%, w/v) and then counted for radioactivity. Alternatively, samples (0.1 ml) of medium containing '25I-labelled insulin were incubated for 24h at 40C with an excess of antiserum. Free '25I-labelled insulin was then sedimented with dextran-coated charcoal and counted for radioactivity (Herbert et al., 1965) .
Plasma measurements
Before isolation of soleus muscles, blood was collected in heparinized tubes from cut carotid arteries. Blood samples were centrifuged (2000g for 15 min) at 40C and plasma was used for determination of glucose (Bergmeyer & Bernt, 1974b) , immunoreactive insulin (Herbert et al., 1965 ) (with rat insulin standards) and triacylglycerols (Le Marchand et al., 1973) .
Chemicals
Porcine monocomponent insulin, proinsulin and glucagon were generous gifts from Dr. J. Schlichtkrull, Novo Research Institute (Copenhagen, Denmark). Radioactive products were obtained from The Radiochemical Centre (Amersham, Bucks., U.K. 
Results
Integrity and insulin-sensitivity of strips of soleus muscles Glucose uptake in whole soleus muscles from rats above 80-100g body wt. has been shown to be limited by diffusion (Chaudry & Gould, 1969 ). Since we wished to study changes in metabolism of the muscle as obesity developed in the fa/fa rats, it was necessary to develop a new preparation using small strips of soleus muscle which did not suffer from diffusion problems. As shown in Fig. 1 , total glucose metabolism of large intact soleus muscles was low. In contrast, when strips of soleus muscles were used, glucose metabolism was inversely proportional to muscle weight and became constant within a range of 25-35mg wet wt. Consequently, only preparations ranging from 25 to 35 mg were used. The adeVol. 186 quacy of the new preparation was further explored by comparing strips with intact soleus muscles of the same weight. First, as shown in Table 1 , the concentrations of creatine phosphate, ATP and potassium in incubated strips of soleus muscles were similar to those of either non-incubated or incubated intact soleus muscle. Moreover, in both intact and strips of soleus muscles of the same weight, the release of lactate dehydrogenase into the incubation medium during an incubation period of 60min was negligible (Table 1) . Total glucose metabolism (i.e. gl4cose incorporation into glycogen plus glucose metabolism by glycolysis) by strips of soleus muscles was linear for 120 min, and insulin-responsive (results not shown). Actually, as described below, glucose metabolism in soleus strips was sensitive to insulin concentrations as low as 0.1 m-i.u./ml (see Table 4 ).
[Lactate]/[pyruvatel ratio measured in the presence of 5 mM-glucose and at the end of a 60 min incubation was 9.9 for intact and 10.3 for strips of soleus muscles. Basal characteristics oflean andfa/fa obese rats During this study, two groups of animals (5-6-and 10-1 -week-old) were investigated. As shown in Table 2 , 5-6-week-oldfa/fa rats were hyperinsulinaemic but not hypertriglyceridaemic, whereas at 10-11 weeks of age, they were both hyperinsulinaemic and hypertriglyceridaemic. Despite high insulinaemia, the blood sugar of the obese rats was similar to that of the controls at the two stages of obesity, and not lower, indicating a state of insulin resistance (Table 2) .
Basal characteristics of soleus muscles from obese rats
As described in Table 3 , wet weight and protein content were similar in muscles from lean and obese rats of both age groups. At 5-6 weeks of age, triacylglycerol content was 2 times higher, whereas at 10-11 weeks of age, it was 3 times higher in muscles of obese rats than in controls. Insulin-binding studies In order to keep insulin degradation to a minimum, insulin-binding experiments were performed at low temperature (240C). In the presence of 0.05- (ng/ml) 1.7 + 0.2 (4) 6.4 + 1.3 (4)* 2.1 ± 0.3 (4) 9.4+ 1.1 (4)t ponse were both impaired in muscles of obese rats. These defects were also observed in muscles of 10-11-week-old obese animals, although they were now accompanied by a marked decrease in the basal uptake of the sugar.
Glucose incorporation into glycogen, and glucose metabolism by glycolysis in musclesfrom obese rats As shown in Table 4 , newly synthesized glycogen in normal muscles was stimulated by insulin at concentrations as low as 0.1 m-i.u./ml, maximal stimulation being reached at 0.25 m-i.u./ml. In marked contrast and in both age groups, glucose incorporation into glycogen in muscles from obese rats was both less sensitive (a shift to the right of the insulin dose-response curve) and less responsive (a marked decrease in maximal stimulation) to insulin than that in controls. In control rats of both ages, the insulin dose-response curve for glucose utilization in glycolysis had the same characteristics as that for glycogen synthesis (Table 4 ). In muscles from 5-6-weekold obese rats, only a shift to the right of the insulin dose-response curve was noted, as 0.1 m-i.u. of insulin/ml was ineffective in stimulating glycolysis, but the stimulation obtained at the highest concentration of the hormone used (1 m-i.u./ml) was similar to that of controls. At 10-11 weeks of age, muscles from obese animals were still less insulin-sensitive than in controls. In addition, however, the maximal response to insulin never reached that observed in controls (Table 4) (5)4 5.6+0.5 (5)4: 6.6 +0.3 (10):t rate, glucose 6-phosphate and glycogen were identical in muscles of both control and obese rats (Table  6 ). In marked contrast, at 10-11 weeks of age, basal concentrations of citrate, glucose 6-phosphate and glycogen were clearly higher in muscles from obese animals than in controls (Table 6 ). The concentration of intracellular citrate was unaffected by the addition of insulin, and remained higher in muscles of 10-11-week-old rats than in their respective controls. As expected, glucose 6-phosphate concentrations in control muscles rose in the presence of the hormone, but this hormone-induced rise was smaller in muscles of obese rats of both age groups (Table  6 ).
Glucose oxidation and 02 consumption of muscles from obese rats In order to know whether higher citrate concentrations measured in muscles of 10-11-week-old obese rats were related to increased lipid utilization, measurement of fatty acid oxidation was necessary. As higher concentrations of triacylglycerol were measured in soleus muscles of obese rats (Table 3) , oxidation of "4C-labelled fatty acids could not be used, because of the probability of this substrate being present at different specific radioactivities in obese and control rats. Since carbohydrates and lipids are the major substrates for muscle respiration (Neely & Morgan, 1974) , measurement of glucose oxidation and 02 consumption could provide an indirect estimate of endogenous lipid utilization. No depletion of unlabelled glycogen was measured during a 60min incubation (results not shown), and even net glycogen deposition was observed in muscles incubated with insulin ( Table   6 ), suggesting that muscle glycogen contributed little to glucose oxidation in the presence of extracellular glucose. Moreover, a 90-120min preincubation period of muscles in the presence of [U-14C]glucose was needed to obtain plateau values of '4C02 production (results not shown). This suggested that such a preincubation time was necessary to obtain constant specific radioactivities of all metabolic intermediates contributing to 4CO2 formation. With this experimental design, it was observed that [U-"4Ciglucose oxidation to 14C02 was comparable in muscles of 5-6-week-old obese rats with those of controls. In contrast, muscles from obese rats at 10- Table 5 . Effect of acetate on glycolysis and concentrations ofglucose 6-phosphate and citrate in strips of soleus muscles from normal rats Muscles were incubated as indicated in Table 1 , with 1 m-i.u. of insulin/ml. After 60 min of incubation, muscles were frozen in liquid N2 and then homogenized in 6% (w/v) HC104. Glucose 6-phosphate and citrate were measured in neutralized supernatants. Results are means + S.E.M. for five muscles. Values significantly different are indicated by *(at P < 0.02), t(at P < 0.005) and ti(at P < 0.001). Table 6 . Concentrations of citrate, glucose 6-phosphate and glycogen in strips of soleus musclesfrom control and obese (fa/fa) rats
Muscles were incubated as indicated in Table 1 . Glucose 6-phosphate, citrate and glycogen were measured after 60 min of incubation, as described in Table 4 Chaudry & Gould (1969) and confirmed in these experiments, investigations of the relatively thick intact soleus muscle from rats are hampered by problems of diffusion of substrates. The proposed technique consists of using strips (25-35 mg wet wt.) of soleus muscles that are separated, with the corresponding parts of their tendons, from the whole soleus mass. The advantages of this new technique are as follows: (1) muscles of initially different weights can be compared; (2) the problem of diffusion of substrates is diminished and standardized; (3) the muscle weight of this preparation is 3-4 times greater than that of intact mouse soleus muscle, thus making the measurement of intracellular metabolites easier; (4) the muscle preparation is biochemically well-preserved and responsive to physiological concentrations of insulin. As soleus muscle consists of intermediate fibres (Baldwin et al., 1972) , it may be more representative of overall skeletalmuscle mass than highly specialized muscles, such as heart or diaphragm.
Insulin binding
In agreement with other studies in adipose tissue (Kono & Barham, 1971; Gliemann et al., 1975; Olefsky, 1976; Czech et al., 1977; Kobayashi and Olefsky, 1978) and in muscle (Le Marchand-Brustel et al., 1978) Uptake of2-deoxyglucose and glucose metabolism 2-Deoxyglucose uptake by muscles of obese rats from the two age groups was characterized by a decrease in both insulin-sensitivity and insulin-responsiveness. These defects could be due to either abnormal coupling between the insulin-receptor complex and this particular pathway and/or abnormal glucose transport itself, although the differentiation of these two possibilities cannot be made at present. Such an abnormal insulin effect on 2-deoxyglucose uptake occurred early in the development of the obesity syndrome and can conceivably explain the observed impaired glucose metabolism. In marked contrast, at the later phase of the obesity syndrome, glucose metabolism by muscles of obese rats was less sensitive and less responsive to insulin than 2-deoxyglucose uptake, and, in particular, low insulin concentration (0.1 m-i.u./ml) stimulated 2-deoxy- glucose uptake, but was ineffective in stimulating glucose incorporation into glycogen or glycolysis. These observations strongly suggest the existence of additional defect(s) not directly related to glucose transport and/or phosphorylation.
Defects in intracellular metabolism
As previously reported (Bray, 1977; Maleviak et al., 1977; Kemmer et al., 1979) and confirmed by this study, circulating triacylglycerols, and muscle triacylglycerols in obese rats were statistically higher than those in control animals. Moreover circulating non-esterified fatty acids are increased in obese rats (Bray, 1977; Maleviak et al., 1977) . These observations lead us to hypothesize that lipid utilization by muscle of obese rats could be increased and thereby alter glucose metabolism by the mechanism of the glucose-fatty acid cycle described by Randle et al. (1963) in heart and diaphragm. The possible existence of such a mechanism was indicated during this study by the observation obtained with strips of normal soleus muscles incubated with acetate and insulin. As previously reported with acetoacetate (Cuendet et al., 1975; Maizels et al., 1977) , concomitant increases in concentrations of citrate and glucose 6-phosphate and decreased glucose metabolism via glycolysis were observed. Assuming that glucose and endogenously derived fatty acids were the main substrates for respiration with muscle preparations (Neely & Morgan, 1974) , the extent of lipid utilization was indirectly estimated from measurements of glucose oxidation and 02 consumption. In muscles of young obese and control rats, overall glucose oxidation and 02 consumption were similar, indicating very similar rates of lipid utilization. In contrast, in muscles of 10-11-weekold obese rats, 02 consumption was unchanged compared with controls, but glucose oxidation was significantly decreased, indicating that the rate of lipid utilization was greater. Such an increase would be small, since soleus muscles were tested under resting conditions, in which lipid utilization accounted for about 80%h of the 02 consumption. In spite of decreased incorporation of glucose into glycogen measured in incubated muscles of older obese rats, their total glycogen content was greater than in the controls. This observation favours the view that there is increased lipid utilization by muscle in vivo, perhaps owing to increased plasma non-esterified fatty acid concentrations which may lead to the sparing of glycogen stores (Rennie et al., 1976) .
It should be noted that when glucose oxidation was unchanged (5-6 weeks), intracellular concentrations of citrate and glucose 6-phosphate measured in basal conditions were similar in muscles of control and obese rats. In contrast, in muscles of older (1)0-1l-week-old) obese rats, when fatty acid utilization was calculated to be enhanced, basal concentrations of citrate and glucose 6-phosphate in these muscles were higher than those of controls, in keeping with the glucose-fatty acid-cycle hypothesis. However, insulin did not increase glucose 6-phosphate concentrations in muscles of obese rats to higher values than those of controls, as expected if citrate was causing inhibition of phosphofructokinase activity (Randle et al., 1966) . On the contrary, in the presence of maximally effective insulin concentrations, glucose 6-phosphate concentrations in muscles from obese rats of both ages were increased to a lesser degree than those of controls. This suggests that, in the presence of the hormone, a major defect(s) before the phosphofructokinase step was present at the early phase of the syndrome and, in spite of increased citrate concentrations, remained predominant at the later phase.
In the absence of insulin, glucose oxidation by muscles of older (10-11 weeks) obese rats was much more impaired than glucose metabolism to glycogen and via glycolysis. This is in accordance with previously reported impairment of lactate oxidation in perfused hindlimb of obese rats (Kemmer et al., 1979) and could suggest an inhibition of pyruvate dehydrogenase as another site of intracellular inhibition of glucose metabolism.
Taken together, these data suggest that: (a) the small decrease. in insulin binding measured in soleus muscle from genetically obese (fa/fa) rats is not the only determinant of insulin resistance; (b) defects beyond the insulin-receptor complexes also appear to be of importance in bringing about the resistance of glucose metabolism to insulin. Among these defects, the two most important ones should be noted: firstly, abnormal insulin-stimulated glucose transport occurring from the early phase of the syndrome onwards, although its precise nature remains to be established; secondly, a subsequent increase in fatty acid utilization inhibitory to glucose metabolism, according to the concept of the glucose-fatty acid cycle. Under the present experimental conditions, it is hard to decide to what extent this intracellular defect could contribute to muscle insulin resistance, as it could be underestimated when studying a resting-muscle preparation. It is probable that in working muscles, in which glucose oxidation gives a higher contribution to 02 consumption, increased triacylglycerol breakdown would be responsible to a larger extent for insulin resistance in muscles of obese rats.
